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Abstract
Pictures of easily-identiWable objects with novel colors (e.g. a blue frog) or of forms with arbitrary colors (e.g. a green triangle) were
presented brieXy at 10.6° eccentricity. Stimuli had strong outlines and vivid Wll colors (red, green, yellow, blue, or purple). The same pic-
tures were repeated once in each block of 30 trials for 6, 9, or 12 blocks, and recognition was probed after each block. Shapes were
acquired quickly, within 3–4 blocks, whether attention was focused on the pictures or split to a demanding foveal task. Color-shape acqui-
sition was also fast with focused attention, but stabilized at a low level with split attention. Delaying the foveal task restored color-shape
acquisition. We suggest that attention facilitates the creation and maintenance of novel color-shape bindings in the visual periphery; with-
out attention, binding is less eVective.
  2005 Elsevier Ltd. All rights reserved.
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Attention is thought to select stimulus features or input
channels for processing (Broadbent, 1958; Tsotsos, 1990)
and to integrate or bind together processed information
(Treisman & Gelade, 1980; Treisman & Schmidt, 1982).
Attention thus facilitates the visual processing of shape
(e.g., Suzuki, 2001), orientation (e.g., Kurylo, Reeves, &
Scharf, 1996; Suzuki, 2001), location (e.g., Posner & Peter-
son, 1990), color salience (Sperling, Reeves, Blaser, Lu, &
Weichselgartner, 2001), and combinations such as color
and location (Gobell, Tseng, & Sperling, 2004), and color
and motion (CliVord, Spehar, & Pearson, 2004; Nishida &
Johnston, 2002). Here we studied the role of attention in the
acquisition of color and shape (Bonnel & Prinzmetal, 1998;
Treisman & Gelade, 1980). Novel colored shapes (e.g. a
blue frog) or simple forms (e.g. a green triangle) were pre-
sented to the visual periphery. Shapes and forms with
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doi:10.1016/j.visres.2005.07.041strong outlines and bold colors were used so that sensory
factors would not limit performance.
For attention to be useful in processing not just individ-
ual features of objects but also combinations of them, the
selected features must be bound together into a single rep-
resentation. Possible substrates for the binding of features
into integrated objects apparently exist in visual cortex
(Singer & Gray, 1995; von der Malsburg, 1995; though see
Shadlen & Movshon, 1999; for a critique). Cortical binding
is thought to be necessary because the processing of diVer-
ent visual features is widely distributed across the cortex.
Engel and Singer (2001) argued that binding occurs in cor-
tical areas serving perceptual integration, attentional selec-
tion, and working memory. Grossberg (2001) argued that
laminar circuits of visual cortical areas V1 and V2 imple-
ment context-sensitive binding processes. Liang, Bressler,
Ding, Desimone, and Fries (2003) report attention-modu-
lated neuronal synchronization in macaque V4. We there-
fore assume as a working hypothesis that the binding of
color to shape occurs in visual cortex, and that it can ben-
eWt from attention.
This general notion, that color-shape binding beneWts
from attention (Treisman & Gelade, 1980), was given a
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postulated that such binding occurs only after the atten-
tional selection of the spatial location of either the color or
the shape. Without spatial attention, these attributes can-
not be bound. Driver, Davis, Russell, Turatto, and Free-
man (2001) have shown that attention can help bind shape
to color and create a ‘visual object’. Moreover, when two
surfaces are seen as transparent, sharing the same location
but appearing at diVerent depths, attention to the motion
(Valdes-Sosa, Cobo, & Pinilla, 2000) or shape or color (Bla-
ser & Domini, 2002; Blaser, Pylyshyn, & Holcombe, 2000)
of one surface makes available the other properties of the
same surface, but none of the properties of the other sur-
face. But Wnding that attention (whether space-based or
object-based) is suYcient for color-shape binding does not
imply that it is necessary. Santhi and Reeves (2004), for
example, suggested that grouping by proximity, which is
thought to exemplify binding, can be pre-attentive in a
visual search paradigm. We therefore regard the role of
attention in the creation and maintenance of color-shape
bindings 2 as somewhat open.
To address the role of attention, we adapted a paradigm
from Stefurak and Boynton (1986). Their participants
observed novel conjunctions of shape and color (e.g. a
green camel) with attention distracted by mental arithmetic.
Ten animal shapes were cut from 10 colored papers to fash-
ion 100 stimulus items. On each trial, Wve items were shown
for a 5 s inspection period, followed by a single test item
after a delay of 3 or 15 s. Participants reported whether the
test item was new (in shape or color), an old-conjunction
(identical to an item in the inspection array) or a new-con-
junction (the same color as one item and the same shape a
diVerent item). Participants could determine whether the
test item was new in shape or color, but not whether or not
the shape and color had been conjoined. This loss of color-
shape conjunctions was true for both the short and long
delays, and occurred whether participants were instructed
to emphasize color, emphasize shape, or treat them equally.
Distraction was crucial: without the distracting mental
arithmetic, conjunctions were correctly reported. Stefurak
and Boynton (1986) concluded that, with distraction, “a
remarkable separation of memory for form and color
occurs, which most likely relates to their separation during
the encoding process.” They attributed this separation to
the absence of the “verbal glue” provided by color naming,
as they assumed that arithmetic prevented naming.
2 We describe binding as being between the color and the shape of the
object. However, our colors and shapes were co-located in space and time.
It is conceivable that the shape might also be ‘bound’ to a color which pre-
cedes, follows, or surrounds the Wgure. Some researchers would call this as-
sociation rather than binding, retaining the latter term strictly for the
features of the same object. We would call both ‘binding’ across a spatial
contour or a momentary gap, but we would look to other processes, per-
haps those underlying conditioning, if the shape and color were separated
suYciently in space (Bonnel & Prinzmetal, 1998) or in time for binding to
fail.Like Stefurak and Boynton (1986), we employed famil-
iar, highly visible colors and shapes. However, we split
visual attention (by requiring identiWcation of a masked let-
ter), rather than distracting attention with mental arithme-
tic. We used brief presentations to render eye movements
inconsequential, drastically shortened the inter-trial inter-
val, and tested recognition only after each block of 30
inspection trials, rather than after each trial, to speed up the
experiment.Testing after each trial is not really necessary, as
old/new recognition memory is almost perfect for 20 such
images presented at high contrast (Amano, Uchikawa, &
Kuriki, 2002), and the focal colors we used are visually
salient and especially resistant to decay in memory (Uchik-
awa & Shinoda, 1996). We therefore anticipated that diY-
culties in acquisition would primarily reXect problems in
color-shape binding rather than diYculties in seeing or
retaining the colors or shapes per se. We used novel color-
shape combinations to make sure that we did not elicit
already existing object representations in long term mem-
ory. If one presents a familiar object, such as a banana, one
will know the color even if one only processes the shape.
Thus our method does not test whether attention is needed
for binding in the case of familiar objects.
Each picture was presented once in each block of trials
so that acquisition could be tracked across blocks of trials.
If attention is needed to bind shape to color, then acquisi-
tion of novel color-shape combinations over blocks of trials
should be rapid with full attention, but diYcult or delayed
when attention is split. However, if the binding of shape to
color is automatic (Li, VanRullen, Koch, & Perona, 2002),
then color-shape acquisition should track shape acquisition
in both cases. Of course, any source of interference from the
foveal task, not just interference with an attention-depen-
dent binding process, might delay acquisition. We chose a
foveal task with a high attentional demand but almost no
memory or decision load (recalling one masked letter) to
minimize the chances that a memory or decision load could
interfere with acquisition.
2. General method
2.1. Participants
Twelve to Wfteen Wrst-year undergraduate University stu-
dents (17–20 yrs old, mostly female) participated in each con-
dition of each Experiment. Students were naive as to the
purposes of the experiments. They had 20/20 Snellen cor-
rected acuity or better, and normal color vision on the Ishi-
hara plates. They were unpaid, but they received course
credit for participating, regardless of the results. Each student
ran in a single condition for one session of about 40 min,
except in Experiment 3, when they ran for an hour or more.
2.2. Apparatus
Stimuli were presented on a 17 in. Sony Multiscan 200ES
monitor (27 cm high by 37 cm wide), at moderate brightness
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viewed at 40 cm (controlled by a head-rest) and subtended
34 by 43° at the eye. Room lighting was dim. Stimulus pic-
tures were transformed to 8 bits using commercial de-Babe-
lize  software, to permit presentation in PIC-2 format by
RSVP software (Michael Tarr, Brown University) running
on a MAC G3 under OS-9. This software provides accurate
timing to within 12 ms, as conWrmed with a photo-detector
and oscilloscope when looping repeatedly through the dis-
play portion of the code.
2.3. Stimuli
Two sets of pictures were made up with strong outlines
and bold colors. The Wrst set (‘objects’) comprised 60 pic-
tures of familiar objects downloaded from the web and
edited to have novel colors (e.g., a blue frog, a green dog, a
purple pear). These were used in all Experiments excepting
Experiment 4, which used a second set (‘forms’) of 60 sim-
ple solid geometrical forms (triangles, ellipses, rectangles,
and so on) with arbitrary colors, created with a paint pro-
gram. Each set of 60 pictures was split into 30 to-be-
acquired pictures and 30 ‘foils’ that were not presented dur-
ing the acquisition phase. Participants were told that they
were to learn 30 new pictures with unexpected colors, and
that they would be tested on their learning after every block
of trials. Examples of each type of picture are shown in grey
in Fig. 1 (top). Each picture had one of Wve focal colors
(red, green, yellow, blue, or purple). Color-shape assign-
ments were Wxed, in that (e.g.) the frog was always blue and
the elephant was always green, but 12 of the pictures in
each set shared the same color (the tree was also blue). Pic-
tures contrasted vividly with the Weld, which remained
white throughout the experiment. Pictures were »4° square.
2.4. Procedure
There were two types of trials, observing and testing. In
observing trials, which we describe next, pairs of pictures
were presented simultaneously, 10.6° left and right of Wxa-
tion, in full color, for 350 ms. Both pictures onset at the
same time as the 100 ms foveal letter, but outlasted the let-
ter by 250 ms (Fig. 1, bottom; oval icons represent possible
pictures).
The primary task on observing trials was to report
whether the pairs of pictures were same or diVerent. This
task required participants to attend to both pictures during
the observing trials, and also reinforced the importance of
central Wxation, which was emphasized in the instructions
(Appendix A), as peeking to one side made the picture on
the other side harder to identify. Correct same/diVerent
responses could not be based on color alone, as there were
many fewer colors than pictures. The same set of 30 pic-
tures was used in each block of 30 observing trials, but the
presentation order and the assignment of pairs to same or
diVerent (which were equally likely) was re-randomized for
every block.All participants had a secondary task in addition to the
primary (same/diVerent) task. Foveal-task participants were
asked to identify a masked letter at Wxation, and, after the
trial, to click that letter in an array (see Fig. 1, lower panel).
The letter-mask onset asynchrony was 100 ms, suYcient for
correct letter reports on over 90% of trials when the letters
were attended. Some foveal-task subjects received feedback
of their cumulative number of letters correct to reinforce
attention to the foveal task. The foveal secondary task was
designed to split attention, not to divert attention, as partic-
ipants still had to perform the primary task. Peripheral-task
participants were told to attend to both pictures equally on
every trial, and ignore the masked letter at the fovea. They
identiWed the left-hand picture by clicking on the initial let-
ter of the name (e.g. ‘f’ for ‘frog’), except in Experiment 4,
when the letter denoted the orientation of the form: ‘u’ for
upwards, ‘d’ for down, ‘l’ for left, ‘r’ for right, and ‘n’ for no
orientation (half the forms had no intrinsic orientation, and
the orientations of the others were divided equally.)
We reasoned that any diVerences in acquisition between
the participants given the foveal and peripheral secondary
tasks should reXect the manipulation of attention by the sec-
ondary task, since the stimuli and the overt responses
(responding same/diVerent and clicking a single letter) were
the same in both secondary tasks, the memory load
imposed was equal and minimal (the retention of a single
letter name), and participants never had to do more than
one secondary task.
Ten testing trials followed the 30 observing trials. One
picture was presented centrally, in grey, on each testing
trial. On Wve of these trials, the picture was old; on the other
Wve, it was new—one of the 30 foils. All participants
reported whether or not they had seen the picture before
clicking on Yes or No. If Yes (old), they then clicked on one
of Wve colored rectangles displayed at the bottom of the
screen to indicate it’s the object’s color (a forced choice). If
No (new), they clicked on a black rectangle. The old/new
response required acquisition of shape, whereas the color &
shape response also required acquisition of color.
2.5. Design
Except for Experiment 3, all Experiments ended after six
blocks of trials. By the end of the six blocks, all 60 pictures
(30 to be acquired and 30 foils) had been tested once each in
the test phase. The testing order was diVerent for each partic-
ipant, so that data averaged across participants could be used
to characterize any improvement in recognition over blocks,
uncontaminated by idiosyncratic order eVects. In Experiment
3, either the Wrst three bocks were repeated to create a nine-
block experiment, or all six blocks were repeated on a subse-
quent day to create a 12-block experiment.
2.6. Data analysis
Raw data consisted of the proportion of observing trials
Psame–diVerent in which the primary task (reporting the picture
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ing trials Pletter in which the secondary task (identifying the
foveal letter) was correct, the proportion of testing trials Pshape
in which the shape was correctly reported as old or new, and
the proportion of testing trials Pcolor&shape in which both color
and shape were correctly reported. Data were averaged over
all the participants in each condition and are plotted against
block number to show acquisition. Raw data were also ana-
lyzed by repeated-measures ANOVAs, the eVects of block
being signiWcant in every experiment at p<0.01.
The raw data were interpreted using two diVerent models.
In one, it was assumed that pictures were either identiWed cor-
rectly or were guessed entirely at random. Each proportionwas therefore corrected for guessing (g). Corrected propor-
tions are (P¡g)/(1¡g), with gD0.5 for both PsamediV and
Pshape, and gD(1/2)(1/5)D0.1 for Pcolor&shape. In the other
model, recognition was assessed using the signal detection
index d’ (sensitivity). Same/diVerent and Old/New d’ values
were computed from the appropriate hit and false alarm rates.
The color & shape d’ was derived by entering Pcolor&shape into
Table A5.2 of Macmillan and Creelman (1991).
3. Experiment 1
Three groups of 15 students participated in the Wrst
experiment. Each participant was run in one 40 min. sessionFig. 1. Top: Grey versions of 8 of the 60 pictures used in each of the experiments (objects and geometrical Wgures). Pictures were of common objects and
were instantly recognizable when portrayed in grey or in color. Middle: Timing on one observation trial; the 350 ms pictures onset with the 100 ms masked
letters. Bottom: Spatial layout: the pictures (though faces were not used) were centered at 10.6° eccentricity and subtended 4.6°. The post-exposure
response array permitted the participants to click a letter to identify the letter, the picture, or the orientation.
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blue frog). As described in the General Methods, the pri-
mary task on observing trials was always to determine if the
picture pairs were same or diVerent. The secondary task on
observing trials was foveal, to identify the masked letter
(with or without feedback) for some participants, and
peripheral, to identify the picture, for the others.
3.1. Results
3.1.1. Shape acquisition
Recall that the same pictures were used in each block, so
acquiring the picture shapes is demonstrated by an increase
in Pshape over blocks. Pshape increased fairly rapidly, as indi-
cated by open symbols in Fig. 2 top (foveal task, with feed-
back), Fig. 3 top (foveal task, no feedback), and Fig. 3
bottom (peripheral task). Also, PsamediV and Pshape tracked
each other, presumably because shape is critical to the
same/diVerent judgment. Shape acquisition was good
whether attention was paid fully to the pictures or split to
the fovea. True, the foveal task slowed shape acquisition
somewhat, as can be seen by comparing Pshape (open
squares) in Fig. 3, top and bottom. However, both with and
without foveal-task feedback (compare to Fig. 2, top),
shape recognition eventually reached »80% correct.
3.1.2. Color-shape acquisition
Pcolor&shape increased fairly rapidly over blocks with the
peripheral attention task (solid black triangles in Fig. 3,
bottom). In contrast, Pcolor&shape hardly improved after the
Wrst block with the foveal task (solid black triangles in
Fig. 3, top), especially if feedback was given to reward
attention to the foveal task (Fig. 2, top). This diVerence
between full attention to the peripheral pictures and atten-
tion split to the foveal letters is the critical result. After not-
ing a few (presumably salient) pictures in block 1, further
color-shape acquisition did not occur.
3.2. Experiment 1: Controls
3.2.1. Foveal attention
Evidence that the foveal-task participants really did
attend to the fovea in Experiment 1 is that correct identiW-
cation of the masked letter (Pletter) was 91% on the Wrst
block of trials and progressed to 94% correct on the last
block. By comparison, with central Wxation but with atten-
tion fully focused on the left-hand picture, eight naïve
observers identiWed the foveal masked letters near chance
(mean Pletter was 7%) in the Wrst control experiment.
3.2.2. Foveal Wxation
In a second control experiment we instructed partici-
pants to Wxate a yellow dot placed 0.5° above the left-hand
picture. The stimuli were otherwise unchanged. Participants
clicked the letter corresponding to the name of the object
(‘f’ for frog), ignoring the (now peripheral) masked letter.
This condition should be the easiest for acquiring theobjects since they were both attended and foveated. Recog-
nition scores (Fig. 2, bottom) were about the same as with
central Wxation and peripheral attention (Fig. 3, bottom).
Thus recognition in the main experiment was not compro-
mised by peripheral presentation, as long as the picture was
attended.
3.2.3. Discussion of Experiment 1
Our main result is that novel color-shape acquisition in
the periphery is retarded when attention is distracted to the
fovea. To clarify this Wnding, we plot (Fig. 4, top graph)
corrected-for-guessing scores Pcolor&shape, denoted Pcs in the
Fig. 2. Raw mean proportions of trials, Psame–diVerent, Pshape, and
Pcolor&shape, versus trial block. Top panel: attention was split to foveal
masked letters (with feedback). Bottom panel: the left-hand pictures of
objects were attended and Wxated (this condition was unique in this
respect). Bars show 95% conWdence intervals in this and subsequent
Wgures.
Precog
Pshape
Pcolor&shape
1 2 3 4 5 6
Pr
op
or
tio
n 
of
 tr
ia
ls
0.0
0.2
0.4
0.6
0.8
1.0
Psamediff
Pshape
Pcolor&shape
Fixate on Object  (10 Ss) 
Block Number
1 2 3 4 5 6
Pr
op
or
tio
n 
of
 tr
ia
ls
0.0
0.2
0.4
0.6
0.8
1.0
Psamediff
Pshape
Pcolor&shape
Attend fovea, with 
feedback  (15 Ss) 
3348 A. Reeves et al. / Vision Research 45 (2005) 3343–3355plot to save space, and Pshape, denoted Ps. The probabilities
were derived from the data obtained when attention was
split to the foveal letters (Fig. 3, top) and when attention
was solely to the peripheral pictures (Fig. 3, bottom); in nei-
ther condition was feedback given. Corresponding d’ values
are plotted in the bottom graph of Fig. 4. The d’s track the
z-scores of the corrected probabilities, as the criteria (not
plotted) were close to unbiased (¡0.6 < c < 0.5).
The plots in Fig. 4 show that distracting attention to the
fovea delays shape acquisition by one or two blocks (i.e.,
one or two exposures), but devastates color & shape acqui-
sition. Attention beneWts the peripheral acquisition of novel
color-shape combinations, even when it beneWts the actual
Fig. 3. Raw mean proportions of trials, Psame–diVerent, Pshape, and
Pcolor&shape, versus trial block. Top panel: attention was split to foveal
masked letters (no feedback). Bottom panel: attention was focused on the
peripheral objects.
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Pcolor&shapeshapes rather little. Our explanation is that attention aids
binding in the periphery. Experiments 2–5 test this idea fur-
ther.
4. Experiment 2
In Experiment 1, correct same/diVerent responses on
observing trials could be based on shape alone, or on color
and shape. Had participants failed to notice the color, it
would be hardly surprising that there was little acquisition
of color-shape combinations, which would cast doubt on
any interpretation involving binding. Therefore Experiment
2 was run as a replication of Experiment 1, except that the
picture-matching instruction in observing trials was
changed to emphasize the identity of the colors of the two
pictures. Thus a blue frog and a blue pig were ‘diVerent’ in
Fig. 4. Data from Fig. 3 for peripheral and foveal attention (no feedback).
Top panel: Ps indicates Pshape corrected for guessing, and Pcs indicates
Pcolor&shape corrected for guessing. Bottom panel: (in d’ units): d’s (shape)
and d’cs (color&shape).
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forced the participants to notice the color.
4.1. Results
4.1.1. Shape and color-shape acquisition
As in Experiment 1, the increase in mean Pshape with block
number was fairly rapid for all participants, as indicated by
open squares in Fig. 5, top (foveal task) and bottom (periphe-
ral task). Pcolor&shape (solid black triangles) again increased
rapidly over blocks with the peripheral task, but much less so
with the foveal task. These data parallel those of Experiment
1 and strengthen the interpretation in terms of binding.
Fig. 5. Raw mean proportions of trials, Psame–diVerent, Pshape, and
Pcolor&shape, versus trial block. Color was matched during observation tri-
als. Top panel: attention was split to foveal masked letters. Bottom panel:
attention was focused on the peripheral objects.
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We ran only six blocks of trials in Experiment 1, but
color-shape acquisition with the foveal task might have
improved had we run more blocks. If so, one would con-
clude that splitting attention merely delayed color-shape
acquisition. We therefore re-ran Experiment 1 using
nine blocks instead of six. Each session thus took one
hour instead of 40 min to run. Fourteen participants
were run in each task (foveal and peripheral) without
feedback.
5.1. Results
The Wrst six blocks replicated Experiment 1 nicely, as
can be seen in Fig. 6. In the last three blocks, Pcolor&shape
remained relatively low at 60% when attention was split
Fig. 6. Raw mean proportions of trials, Psame–diVerent, Pshape, and
Pcolor&shape, for 9 trial blocks run in one session. Top panel: attention was
split to foveal masked letters. Bottom panel: attention was focused on the
peripheral objects.
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when attention was paid to the pictures (Fig. 6, bottom).
However, it is noticeable that the same–diVerent
matches, usually so easy, began to deteriorate in the
last three blocks. Participants reported experiencing
fatigue toward the end and this may have confounded the
results.
We therefore repeated the Wrst six blocks exactly,
except for a new randomization of trial order, on a second
day. Thus we could study acquisition over 12 blocks,
interrupted by rest. Fourteen new participants were run in
each task. The same–diVerent matches were excellent
(94% or better) after block 1 (Fig. 7), and Pshape also
remained high. After a sharp but momentary drop at the
start of the second day, Pcolor&shape showed the same pat-
tern on the second day as on the Wrst, staying low when
attention was split (top plot) and remaining high when
attention was paid to the peripheral pictures (bottom
plot).
These data conWrm the main result of Experiment 1;
with attention split to the foveal task, color-shape acquisi-
tion is more diYcult than when attention is paid only to the
peripheral pictures.
Fig. 7. Raw mean proportions of trials, Psame–diVerent, Pshape, and
Pcolor&shape, for 12 trial blocks run over two sessions. Top panel: attention
was split to foveal masked letters. Bottom panel: attention was focused on
the peripheral objects.
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We employed familiar shapes and obvious colors to
reduce any encoding or memory burden. However, it is
quite possible that acquisition of the (novel) blue frog was
in fact compromised by the memory of the familiar green
frog, which is likely to be robust (Ranter & McCarthy,
1990). Color-shape acquisition might therefore be better
for new shapes which do not have competing, familiar col-
ors. Experiment 4 was like Experiment 1, except that the
Wle of pictures was replaced by a Wle of geometrical forms.
One session of six blocks of trials was run for 15 partici-
pants in each of the peripheral and foveal secondary
tasks.
6.1. Results
6.1.1. Shape and color-shape acquisition
The data for the geometrical forms are similar to the
data seen before for the common objects, except that the
experiment was slightly more diYcult overall. As before,
Fig. 8. Raw mean proportions of trials, Psame–diVerent, Pshape, and
Pcolor&shape, for 6 trial blocks. Top panel: attention was split to a masked
letter at the fovea. Bottom panel: attention was focused on the peripheral
forms.
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rapid for all participants (open circles in Fig. 8). Pcolor&shape
once again increased little after the Wrst block with thefoveal task (solid black triangles in Fig. 8, top), but
increased rapidly over blocks with the peripheral task
(bottom).Fig. 9. Raw mean proportions of trials, Psame–diVerent, Pshape, and Pcolor&shape, for 6 trial blocks. Attention was split to a masked letter at the fovea, with feed-
back. Top left: the letter was presented 300 ms after the pictures. Top right: simultaneous presentation (data replotted from Fig. 2, top panel). Middle left:
letter presented 300 ms before the picture. Middle right: letter presented 900 ms before the picture. Bottom left: letter presented 1800 ms before the picture.
Bottom right: letter was ignored (data replotted from Fig. 3, bottom panel).
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So far we presented the foveal and peripheral stimuli
simultaneously in order to force attention to split, and we
showed that color-shape acquisition was impaired as a
result even though shape acquisition was not. Experiment
5 was diVerent in that the pictures were presented either
before or after the letters. If attention could be rapidly
shifted between the letters and the pictures, then both
tasks could be performed well given a suYcient delay; we
anticipated that 300 ms would suYce, as this is typically
long enough for a shift of attention (e.g. Eriksen & Col-
lins, 1969; Reeves & Sperling, 1986). However, if both
foveal and peripheral tasks called upon a hypothetical
common processing resource associated with working
memory, and did so throughout the operative part of each
trial, then such a delay would have no eVect on acquisi-
tion. One session of six blocks of trials was run for 12 par-
ticipants, in each of the peripheral and foveal secondary
tasks, at each delay (¡300, 300, 900, and 1800 ms). Stimuli
were pictures.
7.1. Results and discussion
7.1.1. Shape and color-shape acquisition
The panels of Fig. 9 give data obtained at various
delays. Mean Pshape is given by open circles and mean
Pcolor&shape by solid black triangles. When the picture pre-
ceeds the letter (top left panel) by 300 ms, Pcolor&shape has
recovered almost to the same extent as when attention is
peripheral (bottom right panel; data copied from Fig. 2).
However, when the letter preceeds the picture, Pcolor&shape
takes longer to recover. Compared to the standard simul-
taneous foveal task (top right panel, data from Fig. 3), the
data obtained at 300, 900, and 1800 ms delays (middle and
lower left panels) show that more than 1 s is required for
full recovery.
7.1.2. Foveal task Performance (Pletter)
Pletter was 95% or better in all blocks and at all delays,
comparable to, or better than, Pletter in the previous
Experiments. One way in which participants could have
acquired color-shape information was to ignore the letter,
but the high Pletter rules out this possibility, since identify-
ing the foveal letters requires attention (Expt. 1, foveal
attention control). Indeed, in the picture-before-letter
condition, Pletter rose progressively from 95.4% in block 1
to 98.2% by block 6, so, if anything, attention to the letters
was increasing rather than decreasing during color-shape
acquisition.
Full recovery of color-shape acquision in the picture-
before-letter condition shows the participants were able to
encode the pictures and shift attention to the foveal letter
within 300 ms. This result is compatible with the notion
that binding of color to shape is fairly fast. The much
slower recovery in the letter-before-picture conditions
requires further explanation. Maintaining a single letter inshort-term memory is unlikely to aVect color-shape bind-
ing or retention of such bindings, as the letter representa-
tion is verbal in form. We therefore speculate that
identifying the masked letter and then disengaging foveal
attention from it is a time-consuming process, which must
occur before a shift to the pictures is possible. This might
point to a form of ‘attentional blink’, although the blink is
normally Wnished within 800 ms (Raymond, Shapiro, &
Arnell, 1992). Whatever the Wnal explanation for this tem-
poral asymmetry, the fast recovery in the picture-before-
letter condition (top left) helps support the view that
foveal attention disrupts binding of peripheral shape and
color.
8. General discussion
Our results indicate that when attention is split
between peripheral shapes with novel colors and a dis-
tracting foveal task, color-shape acquisition is impaired; it
becomes much more diYcult to learn which colors go with
which shapes when attention is split than when attention
is fully deployed to the peripheral stimuli. In contrast,
acquiring the shapes themselves is relatively unimpaired
by splitting attention.
These results can be accounted for if color-shape
acquisition requires color-shape binding, and binding is
facilitated by attention. Once a color-shape conjunction
has been thoroughly learned, its encoding may well
become automatic (Li et al., 2002), but our stimuli were
novel, or were in the process of being learned, so some
role for attention is not surprising. Binding does not
always occur (e.g. Keele, Cohen, Ivry, Liotti, & Lee,
1988; Leonards, Singer, & Fahle, 1996), but in a compre-
hensive review, Cave (2001) concluded that binding is
likely with overlapping, multiple, or multi-part objects
like ours.
Even though color-shape binding is facilitated by atten-
tion, it is not obvious exactly how. Certainly in our experi-
ments attention could not have pre-selected the stimulus
features, as these were not known in advance. However, an
account of our results is possible if attention facilitates
either the creation (Triesman, 1977) or the creation and
maintenance (Wheeler & Treisman, 2002) of bindings. We
sketch three ways in which this might happen. First, color
and shape might bind automatically and rapidly at presen-
tation (Driver et al., 2001; Parton, Donnelly, & Usher, 2001;
Roelfsema, Engel, Koenig, & Singer, 1996; Singer & Gray,
1995; Suzuki & Grabowecky, 2002), but then disassociate
without continued attention. If such disassociation occured
before the representation gained a more permanent form in
working memory, any color-shape binding would be lost
before the next presentation and so would not gain in
strength over blocks. Second, binding might be fast and
automatic but require synchrony (Engel & Singer, 2001;
Liang et al., 2003), so that features perceived as asynchro-
nous, if bound, come unstuck. Our results would then be
explained if color and shape desynchronized when atten-
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beneWt from attention; for example, Mattingley, Rich, Yel-
land, and Bradshaw (2001) concluded from letter synaes-
thesia that the binding of color and shape occurs only after
recognition is complete, and Humphreys, Cinel, Wolfe,
Olson, and Klempen (2000) argued that binding occurs in
two successive stages, Wrst of form elements into shapes and
then of shapes to surfaces (see also Yarlas & Sloutsky,
2004). Binding would then suVer when attention was split.
Our experiments did not discriminate between these possi-
bilities. Our experiments also did not distinguish between
space-based and object-based attention (Davis, 2001;
Logan, 1996; Proverbio et al., 2004; Vecera, 1997; Vecera &
Farah, 1994; Xu, 2002). Although attention to the periphe-
ral locations (Paul & Schyns, 2003) may have facilitated
binding in our experiments, so may attention to the objects.
Our picture stimuli were peripheral. In the classic ‘two
visual systems’ theory (Johnson, Leibowitz, Millodot, &
Lamont, 1976) and its recent revision (Norman, 2002), only
foveal information receives detailed, attentive processing;
peripheral information is used to guide motor behavior and
signal optic Xow. If so, our account, which involves atten-
tion-modulated color-shape binding in the periphery,
would be cast in doubt. The experiments which motivated
our work, those of Blaser et al. (2000) and Stefurak and
Boynton (1986), do not bear on this issue directly, as per-
formance could have been based on foveal or peripheral
stimulation. Blaser et al. (2000) used centrally Wxated but
spatially extended stimuli, and although the stimuli of
Stefurak and Boynton (1986) were also extended, their
observers could have foveated all Wve of the colored shapes
during the 3 and 15 s inspection periods. However, adult
patients with macular scotomas (Fine & Peli, 1995) and
normally-sighted observers with simulated scotomas can
read appropriately magniWed text in the periphery (Fine &
Rubin, 1999), suggesting that detailed attentive processing
can occur for peripheral stimuli. Attentional binding in the
periphery is also suggested by the illusory conjunctions that
occur when attention is divided either between peripheral
stimuli (Triesman & Schmidt, 1982) or between a periphe-
ral stimulus and a mental image (Craver-Lemley, Arte-
berry, & Reeves, 1999). Most relevant here, Bonnel and
Prinzmetal (1998) measured attention operating character-
istics for color and shape at 10° eccentricity. Stimuli were
3 Such desynchronization might seem unlikely, but shape tends to be
slower than color at the level of the ERP (Proverbio, Burco, del Zotto, &
Zani, 2004), and the binding of shape to color in rapid serial visual presen-
tation (RSVP) fails when the processing of shape falls behind that of color
(Adams & Mamassian, 2004; Broadbent & Broadbent, 1987). Attending to
the location of an object, as our participants were instructed to do in the
peripheral-task condition, may enhance the integration of its deWning at-
tributes by speeding up and synchronizing the perceptual processing of
each attribute (Holcombe & Cavanaugh, 2001; Paul & Schyns, 2003). Such
synchronization may have to be quite precise to be eVective (CliVord et al.,
2004; Engel & Singer, 2001; Herzog, Fahle, & Koch, 2001; Lehky, 2000;
Liang et al., 2003), and if this is so, then the Wne-scale eVects of attention
on temporal processing could aVect binding.brief letters Xanked by O’s. When attention was split to a
grey letter on one side and a colored ‘O’ on the other, atten-
tion to color reduced sensitivity (d’) for letter shape, but
when the letter was colored, attention to color had no eVect
on d’ for letter shape. Thus color and shape combined when
they were both part of an attended peripheral object, but
not when attention was split across widely separated
objects. Bonnel and Prinzmetal (1998) used letters and
divided attention across two peripheral locations, whereas
we studied picture acquisition with attention split to a
foveal task, but their Wndings agree with ours in suggesting
that attention helps bind color to shape in the periphery.
Should color-shape binding convey any distinct advan-
tage in acquisition? The role of color, important as it is,
might be restricted to encoding – scene segmentation, and
the like. However, color facilitates visual memory for
shape: objects are harder to recognize in unnatural colors,
and priming decreases if the shape changed color from
study to test (Vernon & Lloyd-Jones, 2003); recognition
memory is better for colored than for black-and-white ver-
sions of the same scenes (Oliva & Schyns, 2000; Wichmann,
Sharpe, & Gegenfurtner, 2002) and changing color from
study to test impairs object recognition even when color is
irrelevant (Zimmer & Steiner, 2003). Moreover, color mem-
ory is reliable; the chromatic contrast of a scene is retained
even after up to 20 other scenes have been displayed
(Amano et al., 2002). Thus there may be an advantage to
binding shape to color, even when creating and maintaining
such bindings makes a demand on attention.
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Appendix A. Instructions
Participants were told: “The goal of this experiment is to
assess how well people are able to attend to visual stimuli.
This is a study of visual attention only; it does not reXect
your ability or intelligence. On each trial, you will see a Wxa-
tion target (+). Keep your eyes there throughout the trial.
Press the space bar to start each trial. You will be shown a
pair of pictures brieXy, on the left and right, which will
either be the same or they will diVer. After the pictures have
disappeared you will be asked ‘same or diVerent’ and you
should click on the answer you think is most likely to be
correct. After this, a display of the letters of the alphabet
will come up. Please click on the letter which was Xashed at
Wxation (some participants); the Wrst letter of the object on
the left, for example ‘f’ for frog (other participants); the ori-
entation of the form on the right, for example, ‘u’ for
3354 A. Reeves et al. / Vision Research 45 (2005) 3343–3355upwards (remaining participants). When you are ready for
the next trial, press the space bar. Breaks will be permitted
between the blocks in the experiment. Please take as much
time as you need to refresh yourself for the coming set of
trials. The experiment will take about one hour. You may
leave at any time without loss of credit.” A few trials were
demonstrated, and any point that the participant reported
not understanding was re-explained. The participants
receiving feedback of the foveal letter were alerted to it.
Participants in the second control condition in Experiment
1 were instructed to ignore the central Wxation cross and
Wxate the yellow dot over the left-hand picture instead. The
experimenter watched the participant to ensure that the
instructions were being followed, including Wxation. Partici-
pants were informed at the start of the experiment that they
would be tested on their acquisition of the 30 pictures or
objects after each block.
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